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ABSTRACT that are painted black. With an external cylindrical receiver
Three concepts to measure incident flux {1) relative, real- geometry, measurements of flux and temperature introduce

time power measurement, 2) flux mapping and incident power unique challenges and needs. Measurements of the distribution
measurement, and 3) real-time flux mapping } and two concepts of incident radiant flux, the total power going into the receiver,
to measure receiver surface temperatures {1)low and 2) high and the receiver surface temperature will provide important data
resolution temperature measurements } on an external central that can aid in the operation, evaluation, analysis, and control of
receiver are discussed along with the potential and shortcomings the receiver. These measurements can also help assure warranty
of these concepts to make the desired measurements and the conditions associated with the receiver and heliostat field are
uncertainties associated with the measurements caused by met. The objective is to evaluate concepts to measure flux and
atmosphericandsurfaceproperty variations. These conceptscan temperature and to determine their applicability to external
aid in the operation and evaluation of the receiver and plant, cylindrical central receivers.
Testshave shownthat the incident flux distributionon a surface

can be mapped out usinga fixed, narrow white target and a CCD DESCRIPTION OF THE CONCEPTS, UNCERTAINTY
camera system by recording the images of the beam as it is ANALYSES, AND TESTING
passed over the target and by building a composite image. Tests The spectrum of the radiant energy to be measured can be
with the infrared cameras have shown they are extremely broken into two parts: the concentrated solar spectrum where
valuable tools in determining temperature profiles during startup the wavelength region of concern is usually between 0.3 to 4.0 p.
of the receiver and throughout operation. This paper describes m and the infrared (but not the solar radiation) whose

each concept in detail along with the status of testing to wavelength region depends on the temperature of the surface of
determine the feasibility of these concepts, interest and is usually greater than 1.8 pm for the temperatures

associated with central receivers. A plot of the solar spectrum
INTRODUCTION and two blackbody spectrums at the receiver inlet and outlet

In a solar central receiver configuration, heliostats redirect molten salt temperatures are shown in Figure 1.
and concentrate the beam component of sunlight onto a receiver Table 1 is a summary of each concept and instrumentation
mounted on top of a tower centrally located in the field of along with the positive and negative features. Each of these
heliostats. The concentrated radiant power is absorbed by the measurements requires specialized instrumentation to carry out
receiver and transferred to fluid pumped through the receiver, the intended function. The measurements are listed in order of

The fluid collects the concentrated solar energy which is their importance and impact on the operation, maintenance, or
converted into work, then electricity, or for use as heat. Molten reliability of a central receiver power plant and their ability to
salt has been used extensively as the heat transport fluid in aid in assessing the performance of the receiver. The sections
central receiver systems. In the Solar Two project (a cost-shared below describe each concept along with the uncertainty of the
project between a consortium of utilities headed by Southern measurements and testing of the concepts. As of this writing,
California Edison and the US Department of Energy), the central some of testing described below is underway at the Central
receiver power plant located near Barstow, CA will be retrofitted Receiver 'lest Facility (CRTF) at Sandia National Laboratories.
with an advanced molten-salt heat transfer system. The receiver A brief description of the status and results of the testing are
will be an external cylindrical configuration made with tubes also described in these sections.
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changes in relative power.
Figure 1. Terrestrial solar spectrum x 700 at air-mass 1.5 and
two blackbody emission spectrums. The photometers respond to reflected light over a region of

the receiver whose view size is a function of the field of view

and respond to light whose spectral content lies within the
Relative Power Measurement. detection band of the photometer. The spectral content of the

Reliable measurement of incident power is necessary to reflected light is a convolution of the beam component of
provide a feed-forward control signal to the molten-salt control terrestrial solar radiation, the spectral rcflectivity of the
system (Kolb, 1992). Receiver control systems have relied on heliostats, and the spectral rcflcctivity of the flat black absorber
the flux gauges to sense changes in flux on the receiver, paint. Since the surface rcflectivity will vary as the paint ages,
Although these flux gauges have worked in central receivers the dynamic range of the photometers must be wide enough to
withsome success,theysufferfromreliabilityproblems,re.quire accommodatethesechanges.

frequentmaintenanceand ca]Libration,and can be difficultto UncertaintyAnalysisofRelativePower Measurementwith
access.Inthe SolarOne receiver-a singlc-pass-to-supcrbeatPhotometers.Photometersusedtomeasurerelativepower for

boiler,6.6% oftheplantoutagescausedby thereceiverwere flowcontrolneed onlytosensechangesinreflectedpower to

du¢ tothefluxgauges(Kolband Lopcz,1988).Theseoutages providea feed-forwardsignaltothecontrolsystem.The largest

amountedto3.4% oftotalplantoutages.F_,xpcrienc¢hasshown uncertaintyassociatedwiththismeasurementisthatassociated

thattheaveragelifeofa fluxgaugeintheharsh,concentrated withPyromarkrcflectivity.Sincethephotometersview a wide
solarenvironmentisabout6 months.Inordertomitigateplant areaofthereceiverandsincethesolar-weightedabsorptivityand

outagesdue tofailureof fluxgauges,a strategywas proposed thusrcflectivitychange slowlyover time,bulk changesin
whereone ofthetwo fluxgaugesina panelisreplacedatthree rcflectivityaremanageable.AftertheSolarOne receiverhad

month intervals,staggeringthereplacement, been repaintedwith Pyromark in December 1985 ithad an

The fluxsensorneedstorespondrapidlyenoughtochanges absorptivityof97%. InOctober1987 theabsorptivitychan_cd

inincidentpower-suchasthoseexperiencedincloudtransients to96% (Radosevich,1988),showingthatthepropertiesc.hanF=¢

-so theflowratecan be increasedrapidlytocoolthereceiver slowlywithtime.A calibrationalgorithmcouldbeimplr.uae_j:.__I

and preventoverheatingof thereceivertubes.The costsand to automaticallyaccountfor changesin bulk rcflec_ivi'_:-t3'
maintenancerequirementsforfluxgaugesina commercialplant scalingthephotometeroutputsignaltomatchtherelz_'.",._.-,ver

arc highenough thatthedevelopmentof highlyreliable,low on thereceiver.For example,nearsolarnoon onr:".:_,:elc,:c.,'
maintenancealternativescouldhave an immediate,positive more oftenifnecessary)under steadyconditiov,st'_.,_,,full

effecton themaintenancecostsand reliabilityofthereceiver, power isknown tobe incidenton thereceiver,t._,esc_ibiactr-_r

The costofthephotometersisrelativelylow (-$600each), forthephotometersoutputsignalcouldbcresetto100% rc)_ti_

Potentialalternativestofluxgaugesarephotometerswhich powertoaccountforminorvariationsinreflectivity.
do not sitin the high fluxareaof the receiver,don'thave T_stineof Photometers.A testsetupconsi'_._.ingu_ '_',_

significantdriftwithtime,caneasilybe maintained,and arelow receiverpanelshas been installedat the CRTF' to _e..

cost. Changes in incidentpower would be detectedby photometersandcomparetheiroutputtofluxgauges.To cc,rz£_;l

measuringchangesin reflectedintensity.Severalof these thesaltflowrate,thephotometersmust be abletorespondt_

photometerswould be mountedaroundthebaseofthereceiver, changesinincidentfluxasmeasuredby thereflectedlightfrom

each"seeing"a portionofthereceivernothavinga fieldofview the panels.In thesetests,the photomcter'sresponsewillbe

solargethatitpicksup straylightordirectsolarirradiancc.A comparedtofluxgaugeoutputusingthesetupshown inFigure
schematicofthisarrangementinshown inFigure2. 3. The goal isto determinehow wellthe photometerscan

measure changesin flux compared to flux gauges and to
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As these atmospheric constituents affect solar radiation, they
Beam Spot will also influence remote optical measurements carded out in

similar spectral regions. Since CCD video cameras measure
White A radiant flux over a limited detection band width, the entire solar

Target [ spectrum cannot be measured but must be inferred from the

radiation that is detected. A typical CCD video camera
measures visible radiation in the 0.3 to 1.1 I.tm wavelength

Receiver range. We used the SPC'TRAL2 solar irradiance model (Bird
and Riordan, 1986) which accounts for absorption and scattering
of the previously mentioned parameters to calculate the ratio of
irradiance in the wavelength range 0.3 to 1.11.tm to that in the

0.3 to 4.0 ktm wavelength range (nearly all the solar spectrum).
We found that variations in water vapor and turbidity do not

Figure 6. Fixed Lambertian target for measuring flux change the ratio by more than about +3% for most conditions.
distribution on central receiver. The heliostat beams are moved During condition of high turbidities (low visibility) and at large

up and across the narrow target to map out the flux. zenith angles (near sunrise or sunset), the uncertainties grow
larger than this, but these are unlikely conditions for measuring

System developed by the DLR in Cologne, Germany, and receiver performance. Phipps and Sweatt (1992)have proposed
operated at the Plataforma Solar in Spain uses a narrow using a bandpass filter at 0.681.tm with silicon detectors to
elongated rectangular white target (Neumann, 1991). This target minimize the effects of changing aerosol content on atmospheric
sweeps across the front of the receiver aperture to scan the entire transmission of visible light.
beam. The new solution proposed here is a combination of the In addition to the effects on measurements of concentrated

two principles. A narrow white target coated with a highly flux caused by atmospheric variations, the properties of the
reflective material is mounted on top of the receiver. Figure 6 heliostat reflective surface, the spectral response of the detector,
shows a schematic of this arrangement. Instead of moving a and the angular reflective properties of the target can also affect

I target in front of the receiver, the beam itself is swept across the the remote measurements. The concentrated radiation reflected
target. By incrementally moving the aim points of the heliostats off a surface is a convolution of the terrestrial beam solar

upwards, the heliostat beams pass over the white target to map radiation, the heliostat reflectivity, and the surface reflectivity
out the flux distribution. The images could then be cropped, along with atmospheric absorption between the surface and the
rectified, and a composite image of the flux distribution of the detector.
entire receiver could be built. The narrow target requires loss Factors that contribute to uncertainties in the measurement of

cooling power than a large target would need for taking complete flux for the fixed Lambertian target concept, axe variations in
images of the heliostats. Provided there is nothing above the atmospheric conditions (+3%), absolute calibration of the

receiver expect the white target, the beams passing over the top intensity level (+5%), camera linearity (+1%), camera hardware
of the tower and target cannot cause any heating damage. For
that reason many heliostats can sweep simultaneously across the including amplifier (-t-1%) and digitizer (+1%), and variations

target, in the white target properties (+4%). The root-mean-square
A moving white target concept was ruled out as a way of uncertainty in this measurement is approximately +7%.

mapping out the flux distribution because it would be Furthermore, since the camera intensity level is digitized, the
impractical to be used in a large, external cylindrical receiver dynamic range for an 8-bit digital system is I to 256. In addition
configuration. This system could also enable the operators to to these errors, there can be errors introduced by displacement of
find the peak flux location to check aiming strategies. The the heliostat beam upward when the beam is being mapped out.
number of cameras needed depends on how diffuse the white This error will be greater for heliostats in the rows closest to the
target is. Figure 7a) show the angular dependency of the tower and least for ones at the edge. This error should be
reflectivity of AI20 3 - a common coating for target surfaces. An relatively small compared to the others. Heliostats near the
ideal diffuse surface will scatter light equally in all directions, singularity point may not be able to respond fast enough for this

The AI20 3 reflective surface behaves diffusely (Lambertian) measurement.
over ±45 ° (reflection angles) at all light incident angles Test of Hieh Accuracy Flux Mapping with a Fixed

presented. This means off-axis measurements of the flux from Lambertian Target, Several tests were performed to test the
the white target can be made accurately and four to six cameras feasibility of mapping out the flux distribution and determining
would be required, the total power using a simulated narrow white target (smaller

Uncertain _tyAnalysis of the High Accuracy Flux Mappinz than the beam size). The actual target was in a bay of the CRTF
Concept. As solar radiation passes through the atmosphere it is and was large but only a section was of interest for
attenuated and the spectral content of the radiation that reaches postprocessing the image. In these tests, several heliostats were
the surface of the earth is a function of the optical path length, aimed at the target. The vertical heliostat aim points were
aerosol scattering and absorption, water vapor absorption and incrementally moved upward over the target while the BCS
transmittance through ozone and mixed gases in the atmosphere. (COHU CCD video camera with telescopic lens, 8-bit frame
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Figure7.Normalizedbi-directionalreflectivityfora)plasmasprayedAl203andforb)Pyromarkpaintatvariousincidentanglesover
thewavelengthrange0.5-1.1prousinga tungstenlampforthelightsource.Eachcurve(witha fixed,lightincidenceangle)is
normalizedbyitsreflectivityatzeroincidenceandisnotnormalizedwiththeothers.

grabber system, a 486 DOS computer system, and Beamcode receiver reflectivity must be made periodically in order to get
software)captured the imagesof the beam reflectedoff the white meaningful data.
target. A section of each image representing the na_T,_wtarget UncertaintyAnalysis of Real-TimeFlux MappingConcept.
whose height was the incremental distance between vertical aim The uncertainties associated with the real-time flux
points was cropped and mergedto forma composite image of the measurement concept are similar to those associated with the
entire beam. A typical result fromthese tests is shown in Figure fixed Lambertian target concept except for the uncertainties of
8 where 30 heliostats were aimed at a single, common aim point the surface reflectivity. The absorber paint reflectivity may vary

on the white (A1203), water-cooled panel. The aim point was significantly with location (spatially) on the receiver and will
moved upward in 0.4 m increments to map out the 2.0 m beam dependon the curingprocess and age of the paint. A change in
spot. From a qualitative comparison, the composite image has solar-weighted absorptivityof the receiver surface from 95% to
similar contour profiles as the parent images. Analyses of the 94% results in a 20%change in reflectivity. Unfortunately these
composite image indicated the total power, peak power, and grosserrorsoverwhelm all other uncertainties and make the flux
beam size were within 2% of mean values of the individual mapping measurements only qualitative at best. It may be
images that made up the composite. The time requiredto move possible to build a calibration map of the receiver surface using
the heliostats from one aim point to the next and allow the a well-characterized heliostat or light source, Also, the
heliostats to settle was approximately 15 seconds. To get the directional properties of the Pyromark reflectivity must be
flux profile froma cylindricaltarget, the image would have to be considered. The absorberpaint must be diffuse in orderto make
rectified to account for thecurvature, these measurements. Figure7b) shows the directional reflective

propertiesof Pyromark. The paint behaves fairly diffusely over
Real-TimeFlux Maooin_ Measurement the range of angles of interest (±45°), but it exhibits higher

A warrantyconcern may arise if the integrity of the receiver reflectivity at the incident angle of the light source. The
were breached. The question could arise as to whether the flux estimateduncertainty forthis concept is +20-40%.
on the receiver surface exceeded design limits - a heliostat field Testing of Real-Time Measurement of Flux Map Usin_
problem - or whether the receiver tube materials or receiver Receiver Panels. These tests use the same two panels and setup
design or manufacturing was faulty - receiver problem. In in the photometer tests. The purpose is to determine the
addition, real time flux distributions on the receiver as it is feasibilityand limitations of measuring the reflected light off the
operating can help to verify and optimized aiming strategies, receiver panels as a way of estimating the incident flux map in
Continuous measurements of the flux distribution need to be real-time. The flux profile can be measured first with white,
made in real time. The only practical method to measure the water-cooled panels in another bay of the CRTF, then it can be
flux distribution continuously without interrupting the operation compared to that from the receiver panels. Qualitative
is to measure the reflected flux off the receiver surface with comparisons can be made of the profiles. Images will be
video cameras. This arrangement is similar to the one in Figure captured with the same camera system as was used in the fixed
6 except the cameras view the absorber panels directly and there Lambertian _rget tests. A procedure will be tested to estimate
is no need to move the heliostat aim points. Since the reflected the variation in reflectivity over the receiver surface using either
light and thus the flux distribution measuremenV, are very a well-characterized heliostat image or light source. A
sensitive to changes in the spatial reflectivity, a calibration of the
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Figure 8. Isocontour plots of a beam spot from30 hcliostats from a test to simulate a fixed Lambcrtiantarget test. The rectangular
boxes represent the white panel and the horizontal lines mark the sections where each image was cropped - simulating a 0.4 m narrow
target and mergedto form the composite image.

calibration map of the spatial receiver reflectivity can be measurement over smal regions of interest on the receiver
developed to increase the accuracy of the flux measurement. (Phipps and Sweatt, 1992). We will scan the sample with the
The angle at which the camera views the panel can also be laser and measure the reflected signal to estimate the emissivity.
varied. These tests will be conducted using groups of hcliostats If this calibration procedure proves acceptable, we can
over a range of flux levels, calibrate a region of the receiver panels and mount the same 8-

12 _tmIR camera fitted with a lens close to the surface (<10m)
High ResolutionTemperatureMeasurementforDiagnostics to resolve the temperature across the crown of the tube. By

High spatial resolution temperaturemeasurementof receiver heating the panels up dry, we can view the temperatureprofiles
tubes would enable the peak temperatures and temperature across the tube surface to determine how well they can be
gradients across individual tubes to be measured. The highest resolved.
flux levels arc seen on the tube crown and drop off in the radial
direction.The flux gradientsacrossthefrontsurfaceof thetube CONCLUSIONS
result in severe radial temperature gradients and thus radial Of the concepts proposed to measure flux and temperature on
stresses. Detailed resolution of temperature profiles across central receivers, the two that could have the greatest impact on
individual tubes could be used to assess tube stresses and to the receiver reliability and the plant operation are the
verifyreceiver designs and integrity. This systemwould require photometers for flow control and the low resolution IR cameras
high spatial resolution. The measurements could be made using for measuring temperatureprofiles of the receiver during startup
an infrared camera mounted close to the receiver, and fitted with and operation. The low spatial resolution IR camerasystem has
the proper lens. This system would be installed as part of the proven to be an extremely useful tool for aiding and
diagnostics. Measurements from this system would enable understanding the operation of a receiver. The fixed Lambertian
valuable analysis of receiver tube stresses, but would not have a target concept shows promise as a way to map out the flux
significant impacton the operation, maintenance, or reliability of distribution on the receiver, however, it may be complicated to
the plant, implement. With the large variations in the Pymmark

.Uncertainty Analysis c,f Hi!h Spatial Resolution rcflcctivity across the surface of a receiver, it is likely that
Temperature Measurement. The uncertain of the temperature measuring flux directly off the receiver surface will be
measurement with this concept should be at least as good as the qualitative at best. The high-resolution temperature-
low resolution temperature measurement system and it will measurement system will be useful for analysis of the receiver
likely be better with a calibration of the tube surface. Also, at stress, but may not significantly impact the operation or
close ranges (<10m), the effects of atmospheric absorption on reliabilityof the receiveror plant.
the temperaturemeasurement arenot significant.

Testing of lligh ResolutionTcm_raturc Measurement. In ACKNOWLEDGMENTS
these tests, we plan to examine the feasibility of using a CO2 The authors would like to thank Bill Sweatt and Gary Phipps
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technique will enable us to obtain high accuracy temperature that affect the measurements, Rod Mahoney for making the
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Table 1. Summar i of Details of lnsmJmentation, Advantages, Disadvantages of Concepts to Make Measurements.
Measurement 1.) Relative Power 2) Low Resolution Global 3 a) High Precision Flux 3 b) Real-Time Flux 4) High Resolution

Measurement Temperature Mapping and Total Mapping and Total temperature
Measurement Incident Receiver Power Incident Receiver Power measurement

Measurement Measurement .

FunctionorUse Feed-forwardflowcontrol Receiverstartup,thermal Performanceassessment, Satisfywe.i_ntyconcerns Tube crowntemperature

signal, alternative to flux performance, and accurate measurement of (real-time flux map). to aid in thermal strain
gml_es warranty oo_.erns, total power and flux. Verify heliostat aimln_, analysis (diagnostics).

Instrumentation 6-8 silicon or thermopile 4 infrared video cameras 4 (CCD) video cameras Same as 3 a) but uses I infrared camera with 10
type photometers (field mounted) with (field mounted) with receiver surface as the cm lens mounted near
mounted near receiver hardware and imaging hardware, imaging target receiver surface

software softwareand a fixedwhite
l,amhertian target

Wavelength Band of 0.3-1.1 pan (sRicon) or 0.3- 8-12 pan or a wavelength 0.3.1.1 gm or a single Same as 3 a) 8-12 gm or a wavelength
Detection 4.0 tun (thermopile) band in that range wavelength band within band in that range

this region

Measurement 0-100% Relative Power 200-500°C 10-800 kW/m2 Same as 3 a) -,dO-650°C

Range 6° field of view resolution 0.5 m spatial resolution 10 cm spatial resolution 3 mm spatial resolution
Accuracy +15-20% with calibration _+30°Cwith emissivity ±7% depending on >Y_20-40%due to lar_ ±30°C with emis_ivlty

calibration calibration method variations in receiver calibration
reflectivity

Positive Features High reliability, low cost, Very useful tool for Based on BCS technology. Real time measurements. Measure temperature
© easily to access & monitoring receiver Can verify aiming No target is required. No variation across tube

maintain, accurately thermal condition, strategies. Relatively low interruption of receiver crown.
detect changes in power Commercially available cost. White target is operation.

simple to design and
fnb_e_t_

Negative Features Sensitive to changes in Very high cost. Delicate Not real time Acc_xacy is poor - High cost. May requi_
bulk receiver surface instrmnent" Requires measurement. Special dependent on reflectivity special calibration
reflectivity which changes cooling. Sensitive to software require& of surface which varies methods to measure
significantly, but slowly atmospheric conditions Interrupts receiver with location and age. emissivity.
with age and emissivity, operation. Target needs

cooling.

Comments Simple calibration method Method to correct Easiest way to accurately Receiver reflectivity Part of diagnostics to
may correct slow changes emissivity may be done map out receiver flux calibration map may assess tube stress. Win
in reflectivity over field of simply during receiver distribution improve accuracy. Only not aid in the operation or
view start up after salt flow is method to get cent'muous reliability of receiver.

est__bli_hed flux map measurements.
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